Prescribed fire is often used to control invasive weeds, improve habitat, and deter wildfire. The Northwest Watershed Research Center plans to burn a heavily studied 26-ha watershed. This paper investigates the potential hydrological response to that prescribed fire. Changes in water repellency and infiltration capacity were assumed not to limit the low intensity snowmelt input to the basin. Percolation, subsurface flow and runoff during the first runoff season are influenced by the soil moisture deficit created by pre-burn vegetation conditions and will likely not be influenced greatly by the fire. A year of reduced evapotranspiration following the fire is necessary to reduce the soil moisture deficit and increase percolation beyond the root zone and subsurface flow to the stream. Results indicate significant changes in streamflow in this subsurface-flow-dominated watershed may not be observed until the second snowmelt season following the fire and could increase by 25%. These results are unlike watersheds dominated by overland flow and surface runoff where increased flows are more likely to occur during the first year following a fire.
Introduction
Reintroducing fire as part of the natural cycle to control invasive weeds and improve habitat on rangeland is becoming an accepted practice where appropriate. Post-fire vegetation, water balance and streamflow responses, however, are not well understood. Many
Flerchinger is a Research Hydraulic Engineer and Clark is a Range Scientist, both at the USDA, Agricultural Research Service, Northwest Watershed Research Center, Boise, ID 83712. E-mail: gflerchi@nwrc.ars.usda.gov. mid-to high-elevation watersheds of the semi-arid Intermountain West are ephemeral, being dominated by snowmelt, evapotranspiration and subsurface water flow. The Northwest Watershed Research Center (NWRC) conducted a series of studies on one such watershed, Upper Sheep Creek, which culminated in a ten-year water balance for the watershed. The NWRC in cooperation with the Bureau of Land Management currently has plans to burn the watershed in the fall of 2005. Assuming a likely burn scenario and probable vegetation recovery, this study examines the potential changes in evapotranspiration, percolation and streamflow within the watershed in response to vegetation changes following a prescribed fire using the SHAW model.
Field Setting
The Upper Sheep Creek Watershed is a 26-ha snowfed rangeland watershed located within the Reynolds Creek Experimental Watershed in the Owyhee Mountains of southwest Idaho, U.S.A (43EN, 116EW). Annual precipitation is approximately 508 mm, approximately 60% of which falls as snow. Spring snowmelt is the primary source of runoff from the basin. Streamflow typically begins in March/April, peaks in May and ceases in July. Nearly all water reaching the stream is subsurface flow; overland flow is seldom observed in the basin.
The site has considerable spatial variability in soils, vegetation and snow cover. Low sagebrush areas are located predominantly on the windswept southwestfacing slopes and are bare of snow for much of the winter. Lower portions of northeast-facing slopes are dominated by mountain big sagebrush and typically accumulate about a meter of snow during the winter. Aspen thickets are established on the upper portions of the north-facing slopes where large snow drifts form annually. Soils vary from shallow (30 cm) and rocky under low sagebrush to deep (>2 m) silt loam under the aspen. The geology of Upper Sheep Creek consists of variably fractured and altered basalt underlain by dense basalt at a depth of 20 to 30 m (Winkelmaier 1987 , Mock 1988 , and Stevens 1991 .
Previous Studies
A detailed study of the Upper Sheep Creek Watershed was conducted by the USDA-ARS Northwest Watershed Research Center from 1984 through 1994. Numerous investigations have been conducted to define the geology of the watershed (Winkelmaier 1987 , Mock 1988 , and Stevens 1991 and to better understand the processes controlling the hydrologic response of this mountainous watershed (Cooley 1988 , Flerchinger et al. 1992 , Flerchinger et al. 1993 , Unnikrishna et al. 1995 , Flerchinger et al. 1996 , Luce et al. 1998 ). Flerchinger et al. (2000) computed a ten-year water balance of the Upper Sheep Creek Watershed. Because of its spatial heterogeneity, the watershed was broken into three zones based on similarity in soils, vegetation, and snow accumulation. The three zones are referred to as low sagebrush, mountain big sagebrush, and aspen, which comprise 58.9, 26.6 and 14.5% of the watershed, respectively. A partial water budget was computed for each of the three landscape zones. Average annual effective precipitation for the watershed was 471 mm over the ten-year period. Runoff from the watershed averaged 30 mm and was linearly correlated (r 2 = 0.52) to effective precipitation above a critical threshold of approximately 450 mm. Simulated percolation of the water beyond the root zone using the Simultaneous Heat and Water (SHAW) model correlated extremely well with measured runoff. A regression equation between simulated percolation and measured runoff can be written as (r 2 = 0.94; root mean square error = 7.1 mm):
where R and PERC are runoff and simulated percolation beyond the root zone, both in mm.
Post-Fire Regeneration
Vegetation studies during the ten-year study at Upper Sheep Creek determined that leaf area index (LAI) of the low sagebrush, mountain big sagebrush, and understory of the aspen site at the peak of the growing season is approximately 0.4, 1.2 and 1.0, respectively, based on point frame measurements. Leaf area index of the aspen canopy was 2.0. Vegetation characteristics used in the ten-year water balance simulation and assumed vegetation regeneration for a post-burn scenario are summarized in Table 1 . Plant litter on the surface was assumed to be zero the first year following the study and gradually build to 2000 kg/ha of litter material with 40% ground cover by the third year for both the mountain big sagebrush and aspen zones. Pre-burn conditions are approximately 9000 kg/ha of litter material with about 90% ground cover resulting from ten years of exclusion from grazing.
Model Application
The original SHAW simulation for the ten-year water balance simulated 11 years (Sept 1983 through Sept 1994) to allow one year for the assumed initial conditions to equilibrate with climatic conditions. For this study, 11 separate simulations were conducted using the SHAW model, assuming a fire at the end of September for each respective year of the 11-year simulation. Vegetation regeneration scenarios presented in Table 1 were used in the model. Initiation of the growing season was adjusted each year based on snowcover depletion, but vegetation growth and regeneration were not adjusted for yearly weather variations. Changes in soil hydrophobicity and infiltration capacity were assumed not to limit infiltration of the low intensity snowmelt. Vegetation is secondary to the topographic influence on snow drifting in this watershed; given the unknown and complex effects of vegetation removal on drifting, the drift factors and effective precipitation determined by Flerchinger et al. (2000) were left unchanged for this study.
Results
Simulated annual evapotranspiration (ET) for the aspen and mountain big sagebrush zones are presented in Table 2 for the first three years following a fire. ET drops substantially the first year following the fire in response to vegetation removal. ET then increases each year, gradually returning to pre-burn conditions (within 2 mm) by the third year following a fire. Some third year ET estimates for the mountain big sagebrush are higher than pre-burn conditions due to higher soil moisture levels after two years of reduced ET (Table  2 ). This was not the case for the aspen because soil moisture deficits within the aspen zone are typically replenished with the spring melt season.
Simulated percolation for the mountain big sagebrush and aspen zones indicated relatively little response in percolation beyond the root zone for the first year following a fire, and percolation does not peak until the second year (Table 3) . With a burn in the fall, spring runoff of the first post-fire year is influenced strongly by the moisture deficit created by pre-burn ET conditions. Thus, a response in percolation does not occur until the second post-fire snowmelt season. By then a reduced ET season results in lower soil moisture deficits and increased subsurface flow.
Areal percolation (Table 3) translates directly to estimated runoff (Table 4) using the relationship established in Equation (1). Interestingly, a pairwise t-test comparing the first year runoff with unburned runoff shows no significant difference. Runoff is greatest the second year following the fire and somewhat less the 3rd year in this basin dominated by subsurface flow. A year of reduced ET is necessary following the fire to decrease the soil moisture deficit and significantly influence percolation through the root zone, subsurface flow and, ultimately, runoff from the basin.
Comparison of the upper bound of the 90% confidence interval in runoff for no burning in Table  3 with estimated runoff following a fire indicates that for years with measured runoff, the second year is generally near the upper bound of the 90% confidence interval. Therefore, a year with adequate runoff will be necessary to detect a response in runoff after a fire. The ten-year water balance study occurred during a period of below normal precipitation; long-term average precipitation for the watershed is around 508 mm compared to 471 mm for the ten-year study. Of the 18 years of runoff records from Upper Sheep, five of the six years with no runoff were within this ten-year period. Consequently, there is a greater likelihood of detecting an increase in runoff in response to a fire than the ten-year study might indicate.
Summary and Conclusions
Simulated ET was significantly less the first year following a fire compared to that for no burning as a result of vegetation removal, but gradually returned to pre-burn conditions by the third year following a fire. After a year of significantly less ET, percolation was significantly greater during the second post-fire year (Table 3) . Increases in percolation during the first year following the fire were marginally significant compared to pre-burn conditions for the mountain big sagebrush zone but were not significantly different in the aspen zone. Percolation during the first spring snowmelt season was influenced by soil moisture deficits created by preburn vegetation conditions. A significant response in percolation to a fire was not observed until after a year of reduced ET and soil moisture deficit.
The delayed response in percolation translated directly into a delayed runoff response in this system dominated by subsurface flow. Runoff was not significantly changed during the first year following a fire. This observation may be specific to this and similar watersheds dominated by subsurface flow and is unlike watersheds dominated by overland flow and surface runoff where flows are more likely to increase during the first year following a fire.
